The presence or absence of tumor cells within patient lymph nodes is an important prognostic indicator in a number of cancer types and an essential element of the staging process. However, patients with the same pathological stage will not necessarily have the same outcome. Therefore, additional factors may aid in identifying patients at a greater risk of developing metastasis. In this proof of principle study, initially, spiked tumor cells in rat lymph nodes were used to mimic a node with a small cancer deposit. Next, human lymph nodes were obtained from cancer patients for morphological characterization. Nodes were dissociated with a manual tissue homogenizer and stained with fluorescent antibodies against CD45 and Pan-Cytokeratin and then imaging flow cytometry (AMNIS ImageStreamX Mark II) was performed. We show here that imaging flow cytometry can be used for the detection and characterization of small numbers of cancer cells in lymph nodes and we also demonstrate the phenotypical and morphological characterization of cancer cells in gastrointestinal cancer patient lymph nodes. When used in addition to conventional histological techniques, this high throughput detection of tumor cells in lymph nodes may offer additional information assisting in the staging process with therapeutic and prognostic applications.
Introduction
The presence of metastatic cancer cells within regional lymph nodes, including in sentinel lymph nodes (SLNs), is a significant prognostic indicator in a number of cancer types including gastrointestinal (GI) cancers [1] . Importantly, positive identification of metastatic tumor cells in lymph nodes may indicate the need for adjuvant therapy [2] . The size of cancer deposits in lymph nodes is also clinically relevant. These can be defined as either (1) : Macrometastasis (>2 mm), (2) : Micrometastasis (0.2-2 mm), or (3): Isolated tumor cells (ITCs; <0.2 mm) [1] . Prognostic significance for the smaller deposits (including micrometastasis and ITC) is highly debated and is likely to vary between cancer types [3] [4] [5] [6] [7] . Determining which patients with positive nodes require Axillary Lymph Node Dissection (ALND) and that would benefit from adjuvant radiotherapy and systemic treatment is a problem [8] as some lymph node metastasis may never develop into clinically detectable disease [9] . Therefore, additional approaches to identify individuals with a higher likelihood of developing metastatic disease are required to provide better prognostication and selection for adjuvant treatment [10] .
Currently, lymph node involvement by tumor is assessed using histological methods which may be complemented by immunohistochemical (IHC) analysis of formalin fixed paraffin embedded (FFPE) tissue postoperatively or frozen sections intra-operatively [11] . Increasing the number of sections examined of the resected node analyzed, accompanied with the use of targeted molecular methods increases small deposit detection [1] ; however, these methods are not routinely used in the pathological practice as their reliability to detect small deposits is questioned [12] . Advances for disseminated tumor cell (DTC) detection in lymph nodes have primarily focused on increasing sensitivity of detection and increasing speed of diagnosis. DTC include cancer cells that leave the primary tumor via the lymphatics and can lodge in lymph nodes and go on to form a metastatic deposit. To date, individual tumor cell morphology following isolation from lymph nodes has not been investigated, despite the fact it could provide clinically important information. Conversely, a very intensive research effort has been undertaken in recent years to elucidate the clinical significance of circulating tumor cells (CTCs) [13] [14] [15] and plasma circulating tumor DNA (ctDNA) in peripheral blood [16] . Recent advances in molecular analysis of ctDNA with next generation sequencing and advanced computational analysis allows for tumor genotyping and has demonstrated clinically relevant mutational analysis [16] .
Importantly, the isolation and characterization of CTCs is a very active research topic providing clinically relevant information on the metastatic progression of disease in a number of human cancers [13] [14] [15] . The main advantage of assessing CTCs and ctDNA is the ease of blood sample acquisition (liquid biopsies) at multiple time points in contrast to invasive procedures required to collect tumor tissue. With the advent of advanced isolation technologies, individual cellular morphological characterization of cancer cells and the importance of morphology for correlation with patient prognosis has been investigated [17] [18] [19] [20] [21] .
The aims of the current study were to demonstrate the feasibility of using imaging flow cytometry (IFC) for the cytomorphological detection of tumor cells in lymph nodes. IFC is a technique combining the high throughput quantitative nature of flow cytometry with high resolution imaging. The use of IFC is a rapidly emerging area with a number of studies demonstrating its capabilities and advantages [22] [23] [24] [25] . Recently, Doan and colleagues discussed the potential of imaging flow cytometry with a particular focus on promising developments that would make IFC more clinically viable as a diagnostic and prognostic tool, including deep learning and cloud computing [26] . We conducted an initial model study using rat lymph nodes spiked with a small number of cancer cells simulating a model of a lymph node with ITC or micrometastasis. Once the feasibility was demonstrated, we proposed a method to detect and characterize tumor cells from resected GI patient lymph nodes with a focus on detecting potentially relevant cytomorphological alterations including circularity/elongation, which may provide prognostic insights into disease progression ( Figure 1 ).
The aims of the current study were to demonstrate the feasibility of using imaging flow cytometry (IFC) for the cytomorphological detection of tumor cells in lymph nodes. IFC is a technique combining the high throughput quantitative nature of flow cytometry with high resolution imaging. The use of IFC is a rapidly emerging area with a number of studies demonstrating its capabilities and advantages [22] [23] [24] [25] . Recently, Doan and colleagues discussed the potential of imaging flow cytometry with a particular focus on promising developments that would make IFC more clinically viable as a diagnostic and prognostic tool, including deep learning and cloud computing [26] . We conducted an initial model study using rat lymph nodes spiked with a small number of cancer cells simulating a model of a lymph node with ITC or micrometastasis. Once the feasibility was demonstrated, we proposed a method to detect and characterize tumor cells from resected GI patient lymph nodes with a focus on detecting potentially relevant cytomorphological alterations including circularity/elongation, which may provide prognostic insights into disease progression ( Figure 1 ). 
Materials and Methods

Spiking Experiments
Human breast adenocarcinoma cell line MCF-7 (ATCC, USA) with a passage number lower than 20 was used in this study to mimic patient metastatic tumor cells and mixed with rat mesenteric lymph nodes. The cancer cell line was cultured in 25 or 75 cm 2 tissue culture flasks (Sarstedt, Nümbrecht, Germany) in DMEM supplemented with fetal bovine serum (FBS) and penicillin/streptomycin at 37 • C, 5% CO 2 in a humidified environment. Mesenteric rat lymph nodes were scavenged from a study approved by the Animal Ethics Committees of the Institute of Medical and Veterinary Science and The University of Adelaide, and complied with the National Health and Medical Research Council (Australia) Code of Practice for Animal Care in Research and Teaching (2014). Lymph nodes were obtained from the mesentery and separated from the mesenteric fat. All lymph nodes used for spiking experiments were used within 2 days following collection (generally within 24 h) and were stored in RPMI at 4 • C. Each sample constituted approximately 4 lymph nodes weighing approximately 15 mg each (in order to better mimic cellular numbers expected to be recovered from patient samples) and 500 MCF-7 cancer cells were added to the PBS solution prior to homogenization. Lymph nodes without the addition of cancer cells were also processed with the same protocol as a negative control. Cells were stained with fluorescently labeled fluorochromes (Anti-Rat CD45 APC and Anti-Pan-Cytokeratin (KRT)) AE1/AE3 Alexa Fluor ® 488 (eBioscience, San Diego, CA, USA) to enable use with the IFC.
Human Lymph Node
Samples of human lymph nodes were obtained from surgical resections of gastric, colorectal, and gall bladder cancers performed at the Royal Adelaide Hospital, South Australia, surplus to diagnostic requirements. The resection specimens were received fresh and a small portion of nodal tissue not exceeding 20% of node volume was sampled for research. The remaining lymph node tissue was fixed in formalin and examined at multiple levels using the routine pathological method.
The research was carried out according to The Code of Ethics of the World Medical Association (Declaration of Helsinki). All patients gave their written informed consent and the study was approved by the Royal Adelaide Hospital Human Research Ethics Committee and the University of South Australia Human Research Ethics Committee (Protocol Number 130106 and 0000031109). The fresh sample of the lymph node tissue was placed in saline and kept at 4 • C (for less than 3 days) until tissue dissociation and staining. Dissociation and staining of 2 GI cancer patient lymph nodes (one positive, one negative) was included in this feasibility study (Table 1 ) and allowed for the identification of KRT positive cells in the tested positive node (a node classified as positive for cancerous lesion based on standard H&E staining and observation by a pathologist, as part of their routine care). 
Tissue Dissociation
Rat lymph nodes were dissociated whole, while human lymph node tissue was cut into 4 or 5 (depending on size, pieces were approximately 2 mm 3 ) pieces before being dissociated with a manual tissue homogenizer in PBS with 10% FBS (yielding the best cell recovery, Figure S1 ). The sample was then filtered through a size 200 mesh with a wire diameter of 0.053 mm and an opening size of 73.7 µm (S4145; Sigma-Aldrich, St. Louis, MO, USA) before undergoing staining.
Immunofluorescent Cellular Staining
Cellular staining was based on the protocol described by Liu et al. [27] . Briefly after dissociation, cells were washed with 1× PBS and non-specific binding was blocked with 10% FBS in basic buffer (1× PBS and 0.5% sodium azide) for 15 min on ice. Cells were stained with an Anti-human CD45 antibody (HI30) PE-Cy5.5 (eBioscience, San Diego, CA, USA) for 30 min in basic buffer with 1% FBS and subsequently fixed with 4% formalin fixation solution (Sigma-Aldrich, St. Louis, MO, USA) for 30 min at room temperature. After permeabilization with 0.05% Triton X-100 (Merck Millipore, Bedford, MA, USA), cells were stained with Alexa Fluor ® 488 Pan-Cytokeratin AE1/AE3 (eBioscience, San Diego, CA, USA), and nuclear stain DAPI (Sigma-Aldrich, St. Louis, MO, USA,). Cells were washed with basic buffer and stored with stabilizing fixative (BD Biosciences, San Jose, CA, USA) before analysis with IFC.
Imaging Flow Cytometry
Following fixation and staining, samples were imaged using an AMNIS ® ImageStream ® X Mark II multispectral imaging flow cytometer (Luminex Corporation, Austin, TX, USA), 1 camera system (providing maximum of 6 channels). Events were acquired at 40× magnification (60 µm field of view with 0.5 µm per pixel and a 0.75 numerical aperture) using 405 nm laser (DAPI, 100 mW and 40 mW for human and rat experiments, respectively), 488 nm laser (Alexa Fluor ® 488, PE-Cy5.5, at 100 mW and 65 mW for human and rat experiments, respectively), 642 nm (APC, 150 mW) and 785 nm laser (darkfield/side scatter, 3 mW). Data analysis was performed using IDEAS image-analysis software (Version 6.0; AMNIS, Seattle, WA, USA). A compensation matrix was made with single color control files using the analysis software (Supplementary Tables S1 and S2) and software compensation was performed. Briefly, cells were classified using the following method, in-focus events were selected based on Gradient RMS feature (measures the sharpness of an image by detecting large changes in pixel values), DAPI positive events were then selected to eliminate debris without nuclear staining and then a scatterplot of CD45 PE-Cy5.5 against Cytokeratin Alexa Fluor ® 488 was produced (Figures 2 and 3) . High Cytokeratin and low CD45 and high Cytokeratin and high CD45 events were selected (see Supplementary Information; Figure S4 for more information regarding gating strategy). In order to obtain a single cell population, if required, for morphological analysis, cells were classified based on their brightfield images (including aspect ratio) and keratin expression. After identification of the KRT positive cancer cell population cellular cytomorphology was characterized using the analysis software. Next, we aimed to demonstrate the feasibility of using IFC to detect small numbers of cancer cells in lymph node tissue to represent the clinical setting where patients may present with ITC or micrometastatic lesions ( Figure S2 ). We were successfully able to detect cancer cells from samples spiked with low numbers (500 cells spiked, 103 cancer cells recovered in a total sample of 230,000 cells) of MCF-7 cancer cells. The recovery yield was calculated to be 20% (n = 2) or one in five spiked cells. Quantification of cellular loss during the process was achieved through the recovery and analysis of all supernatants from the staining procedure taken from lymph node spiking experiments. We found approximately 40% (n = 5) of the total cellular population was lost during the staining process. Based on this data we expect tumor cells could be recovered and analyzed using the proposed approach even for very small tumor deposits.
Cancer Patient Lymph Node Analysis
The next aim of the study was to demonstrate the feasibility of detecting and analyzing tumor cells in patients' lymph nodes ( Figure 3 ). A total of 1040 tumor cells (defined as being KRT Alexa Fluor ® 488 positive, CD45 PE-Cy5.5 negative and with a DAPI positive nucleus) were recovered from a positive cancer node (Patient 1) ( Figure 3d ) from approximately 270,000 recorded events. In addition to tumor cells, the vast majority of events were WBC which were characteristically CD45 positive KRT negative (Figure 3c ). IFC also identified events which were both KRT and CD45 positive. As noted above, further analysis of these cells showed the presence of two (cancer cells and WBCs) or more cells together; and were classified as one double positive event ( Figure 3e ). CD45, KRT negative events were also detected ( Figure 3b ). Conversely, no KRT positive cells were found in the negative control lymph node (Patient 2). However, some events were classified as positive. Morphologically these were subsequently confirmed to be fluorescent bubbles or autofluorescent debris (Supplementary Information, Figure S3 ). 
Tumor Cell Cytomorphological Characterization
Following IFC further phenotypic analysis showed slight heterogeneous KRT expression of tumor cells in Patient 1 (Figure 4a ). The cancer cells also varied in their darkfield (Figure 4b ) (side scatter/granularity) and darkfield modulation (Figure 4c ). Morphological characterization of these cells was conducted to determine perimeter (Figure 4d ), width (Figure 4e ), length (Figure 4f ), and 
Results
Identification and Characterization of Cancer Cells in a Lymph Node Spiking Model
To demonstrate the feasibility of conducting high quality cytomorphological characterization of tumor cells in a lymphoid population using IFC, tumor cells were spiked in rat lymph nodes. IFC was successfully able to detect the cancerous cells among lymphoid cells based on the Cytokeratin (KRT) and CD45 immunostaining ( Figure 2) . Moreover, IFC detected double positive KRT and CD45 events, once visualized it could be seen that these events contained two or more cells, at least one KRT positive cancer cell and one CD45 positive white blood cells (WBC) (Figure 2 ). Importantly, these events are very common. As demonstrated in Figure 2 , most Cytokeratin positive events were detected as a double positive. Further characterization including morphological analysis could also be performed to help further distinguish these events. No positive events were found in the negative control sample (lymph nodes without spiked cancer cells).
Next, we aimed to demonstrate the feasibility of using IFC to detect small numbers of cancer cells in lymph node tissue to represent the clinical setting where patients may present with ITC or micrometastatic lesions ( Figure S2 ). We were successfully able to detect cancer cells from samples spiked with low numbers (500 cells spiked, 103 cancer cells recovered in a total sample of 230,000 cells) of MCF-7 cancer cells. The recovery yield was calculated to be 20% (n = 2) or one in five spiked cells. Quantification of cellular loss during the process was achieved through the recovery and analysis of all supernatants from the staining procedure taken from lymph node spiking experiments. We found approximately 40% (n = 5) of the total cellular population was lost during the staining process. Based on this data we expect tumor cells could be recovered and analyzed using the proposed approach even for very small tumor deposits.
Cancer Patient Lymph Node Analysis
The next aim of the study was to demonstrate the feasibility of detecting and analyzing tumor cells in patients' lymph nodes (Figure 3) . A total of 1040 tumor cells (defined as being KRT Alexa Fluor ® 488 positive, CD45 PE-Cy5.5 negative and with a DAPI positive nucleus) were recovered from a positive cancer node (Patient 1) ( Figure 3d ) from approximately 270,000 recorded events. In addition to tumor cells, the vast majority of events were WBC which were characteristically CD45 positive KRT negative (Figure 3c ). IFC also identified events which were both KRT and CD45 positive. As noted above, further analysis of these cells showed the presence of two (cancer cells and WBCs) or more cells together; and were classified as one double positive event (Figure 3e ). CD45, KRT negative events were also detected ( Figure 3b ). Conversely, no KRT positive cells were found in the negative control lymph node (Patient 2). However, some events were classified as positive. Morphologically these were subsequently confirmed to be fluorescent bubbles or autofluorescent debris ( Supplementary  Information, Figure S3 ).
Tumor Cell Cytomorphological Characterization
Following IFC further phenotypic analysis showed slight heterogeneous KRT expression of tumor cells in Patient 1 (Figure 4a ). The cancer cells also varied in their darkfield (Figure 4b ) (side scatter/granularity) and darkfield modulation (Figure 4c ). Morphological characterization of these cells was conducted to determine perimeter (Figure 4d (Figure 4h ). Morphological characterization also demonstrated the KRT positive cell population recovered could be separated into two populations based on their circularity, one classified round and the other classified elongated (Figure 4i ). Circularity measures the degree of the events deviation from a circle. Its measurement is based on the average distance of the object boundary from its center divided by the variation of this distance. Thus, the closer the object is to a circle, the smaller the variation and therefore the feature value will be high. Therefore, the more the shape varies from a circle the higher the variation and the circularity value will be low. The malignant sample had approximately 20% of cells which were classified rounded and 80% classified elongated. For the circularity feature based on image morphology an arbitrary cut off value of 9 was decided upon to distinguish between the two cellular morphologies. Thus, any cells with a circularity value of less than 9 was considered to be elongated (Figure 5b ) and anything greater than 9 was considered to be round (Figure 5a ). Small un-dissociated KRT positive clumps were also identified in the sample and could be included in enumeration. A small number of KRT events displayed long finger like protrusions and were very elongated (Figure 5b,c) . A lymph node from a gall bladder cancer patient with multiple benign lymph nodes (Patient 3) was obtained and positive KRT staining cells were identified. However, there were no statistical cytological differences with malignant epithelial cells (Patient 1) ( Figure 6 ) in cellular darkfield (intensity and darkfield modulation), or cellular morphology (Cytokeratin area). However, there was A lymph node from a gall bladder cancer patient with multiple benign lymph nodes (Patient 3) was obtained and positive KRT staining cells were identified. However, there were no statistical cytological differences with malignant epithelial cells (Patient 1) ( Figure 6 ) in cellular darkfield (intensity and darkfield modulation), or cellular morphology (Cytokeratin area). However, there was a slight shift in the cellular darkfield intensity for the benign sample compared to the malignant one implying greater granularity of these cells. Further studies are warranted to determine whether the observed difference in darkfield intensity could be used to discriminate between malignant and benign epithelial cells within lymph nodes.
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Discussion
The presence of lymph node metastasis is an important adverse prognostic indicator for most types of solid cancers including GI malignancies. In the present study, a protocol was optimized for the recovery of epithelial tumor cells from lymph node tissues and combined with immunostaining and IFC towards the detection and cytomorphological characterization of metastatic cancer cells in GI cancer patient lymph nodes.
Using a cancer spiking model, we first demonstrated the feasibility of high throughput imaging of cancer cells present within a large lymphoid population (>100,000 cells). IFC provided high quality images of the tumor cells and enabled simultaneous immuno-and cytomorphological characterization to be conducted. Next, when assessing the sensitivity of this approach, we determined it was possible to detect cancer cells spiked in lymph nodes from a population of as little as 500 cancer cells. Such a sensitivity of detection, if translated to clinical samples, could be sufficient to detect the smallest micrometastasis of 0.2 mm which will have approximately 1000 tumor cells in three dimensions [1] or potentially even ITC. We note; however, this simplistic model does not mimic the complexity of a disseminated tumor and the cellular loss during sample preparation might differ significantly. Double negative (CD45−, KRT−) events were also identified and are likely to be nonlymphoid stromal lymph node cells ( Figure 3b ). These double negative events may also be due to sample degradation (including CD45 downregulation), due to a delay in sample processing.
Although no quantitative study could be carried out to determine the recovery yield of real tumor deposits within lymph nodes, we successfully applied the optimized protocol to analyze a positive lymph node resected from a patient with advanced stomach adenocarcinoma. This confirmed the feasibility of using IFC to not only detect metastatic tumor cells in regional lymph nodes, but also to obtain detailed cytomorphological information about the tumor cells. While more extensive studies are required before drawing any conclusions about the diagnostic utility of this 
Using a cancer spiking model, we first demonstrated the feasibility of high throughput imaging of cancer cells present within a large lymphoid population (>100,000 cells). IFC provided high quality images of the tumor cells and enabled simultaneous immuno-and cytomorphological characterization to be conducted. Next, when assessing the sensitivity of this approach, we determined it was possible to detect cancer cells spiked in lymph nodes from a population of as little as 500 cancer cells. Such a sensitivity of detection, if translated to clinical samples, could be sufficient to detect the smallest micrometastasis of 0.2 mm which will have approximately 1000 tumor cells in three dimensions [1] or potentially even ITC. We note; however, this simplistic model does not mimic the complexity of a disseminated tumor and the cellular loss during sample preparation might differ significantly. Double negative (CD45−, KRT−) events were also identified and are likely to be non-lymphoid stromal lymph node cells ( Figure 3b ). These double negative events may also be due to sample degradation (including CD45 downregulation), due to a delay in sample processing.
Although no quantitative study could be carried out to determine the recovery yield of real tumor deposits within lymph nodes, we successfully applied the optimized protocol to analyze a positive lymph node resected from a patient with advanced stomach adenocarcinoma. This confirmed the feasibility of using IFC to not only detect metastatic tumor cells in regional lymph nodes, but also to obtain detailed cytomorphological information about the tumor cells. While more extensive studies are required before drawing any conclusions about the diagnostic utility of this approach, this data illustrates the advantage of IFC for the analysis of resected specimens such as lymph nodes, as it provides a multitude of cytomorphological characteristics which cannot be obtained with standard flow cytometry. In addition, in the presence of minor incomplete tissue dissociation (i.e., presence of small clumps), which is a common occurrence, IFC is also effectively able to clarify double positive events (Figure 3e ), i.e., events positive for both CD45 and KRT. Similar to advanced flow cytometry approaches, this is extremely advantageous as these double positive events can be discriminated and included in the analysis. In this study, cytomorphological analysis based solely on KRT staining could also provide valuable information. Indeed, the main advantage of IFC over other flow cytometry-based approaches is the multitude of cytomorphological information which is provided in a relatively high throughput (compared to microscopy scanning approaches including confocal microscopy). As discussed by Henning et al., current flow cytometry instruments can measure 30-40 parameters per event while the number of parameters that can be obtained from image-based approaches such as IFC are almost infinite [28] .
Detection of cancer cells in lymph node tissues, especially micrometastasis and ITC, is highly dependent on the tissue processing and analysis technique [11] . In principle, dissociation and analysis of whole lymph nodes is more likely to eliminate sampling error and, therefore, accurately determine the total tumor load within resected tissue. In comparison, the gold standard histological examination of FFPE lymph node tissue, even combined with IHC, may result in a false negative result as small tumor deposits or ITCs may not be included in the examined sections [11] . A previous study by Ito and colleagues demonstrated the feasibility of intraoperative detection of tumor cells in lymph node tissue with flow cytometry in patients with non-small cell lung cancer that could be carried out within 40 min [29] . Similarly, Leers and colleagues have shown that multiparameter flow cytometry is useful for the detection of micrometastasis in SLN of breast cancer patients [30] and Hartana et al. in renal tumors [31] . More recently, Häyry and colleagues have shown that rapid nodal staging of head and neck cancer could be achieved with flow cytometry, demonstrating the fast and inexpensive nature of this new perioperative staging method [32] . Jagric and colleagues have demonstrated that for high risk SLN from gastric cancer patients, flow cytometry is highly specific in cancer detection although should not be used as a stand-alone method intra-operatively due to low sensitivity [33] . These approaches could be adapted for use with IFC providing both speed and morphological characterization. However, the inherently time and resource intensive nature of particularly imaging flow cytometry is a limitation as a routine intra-operative staging procedure.
Beyond simple detection of tumor cells, the main objective of this study was to demonstrate that detailed cytomorphological characterization of these cells can be readily obtained following their isolation. Rather than assessing tissue morphology or cellular morphology in a tissue context, we wanted to explore the concept of individual cancer cell morphology from dissociated lymph node tissue. In CTCs individual cellular morphology and its association with outcome has been investigated [17] [18] [19] [20] [21] . To our knowledge, this is the first time IFC has been used in the individual morphological characterization of cancer cells derived from lymph nodes.
To validate our approach, a lymph node with histologically confirmed metastatic tumor deposit was analyzed and compared to a control negative node. A large number of tumor cells could be readily identified and distinguished from lymphoid cells as they were pleomorphic. Cellular pleomorphism including spindle and round morphology as well as cell size has been associated with recurrence risk [34] and poorer patient outcome [35] . For example, epithelial to mesenchymal transition (EMT) is an important biological process resulting in cytomorphological and phenotypical changes with poorer outcomes when identified in CTCs [35] . Importantly, evidence suggests metastasis via lymphatics does not always require EMT [15] and so further morphological analysis of tumor cells in lymph nodes is warranted.
The relevance of morphological changes varies drastically depending on the tissue of origin and environmental stressors. For example, comparison of two cell lines, SW480 derived from primary colorectal cancer and SW620 derived from a lymph node metastasis, showed mostly spreading epithelial morphology with rough surface/protrusions or ovoid morphology with a smoother membrane, respectively [36] . Specifically in the primary tumor, elongated cells have a greater ability to metastasize spontaneously than rounded cells, while in the lymph node rounded cells are more likely to undergo metastasis [36] . However, it is difficult to characterize the morphologies of individual cells based on conventional histology sections as the dissection plane may alter observation of the cells of interest. 3D modeling and serial sectioning have been performed in an attempt to overcome this issue [37] . Research investigating changes in individual morphologies of dissociated cells particularly tumor cells from lymph nodes may provide some insights.
Comparison of the primary tumor tissue with lymph node metastasis can identify important markers in invasion [38] [39] [40] , potentially analyzing other metastatic sites and cellular phenotypes/morphology may offer further insights. The current study demonstrates that IFC is an ideal technology to carry out such studies. IFC may also prove useful to evaluate expression of additional markers (e.g., stem cell CD133, CD44 [38] , mesenchymal, or other markers including AFAP1L1 [41] ) which in combination with individual morphological characterization could potentially allow for the selection of personalized treatments. This technique could also be applied to the analysis of DTC in bone marrow for which morphological and phenotypical analysis could be extremely advantageous for improving risk prevention and tailored treatment [42] . However, conventional flow cytometry has a lower sensitivity than other methods and there have been few studies conducted on large patient cohorts [42] .
Similar to immunomagnetic bead separation, the current study is still reliant on cellular phenotype for detection [42] and therefore may bias analysis in the case of marker down regulation. Another limitation of the proposed approach and others that use immuno-based and molecular approaches is that rare benign epithelial inclusions [43] or hematological cells expressing epithelial antigens [44] , potentially due to phagocytized KRT debris [45] , can lead to false positive results. These events are extremely rare and while the exact prevalence rate is unknown, one breast cancer study reported false positives due to ectopic breast tissue in SLNs occurring in seven cases out of >35,000 cases (<0.2%) [46] . It is important to be able to accurately distinguish inclusions from true metastatic depositions in order to achieve accurate staging [47] . Differentiation between benign epithelial inclusions and metastatic deposits in solid tumors is currently best achieved using standard histological criteria with assistance of IHC but this distinction in some cases may be extremely difficult and the use of molecular techniques without histological verification may lead to over-diagnosis [48] . Although it is stated that in the semi-quantitative One-Step-Nucleic-Acid Amplification (OSNA) approach benign epithelial inclusions will not necessarily produce a false positive result, as often the epithelial positive threshold is not reached [48] .
To investigate the possibility of false positives due to benign inclusions, we obtained a lymph node from a gall bladder cancer patient (Patient 3). As in Patient 1 (cancer positive node), we also found positive KRT staining cells in this sample, which would produce a false positive result in a clinical setting. We were unable to accurately distinguish benign and malignant epithelial cells based on differences in cellular darkfield (intensity and darkfield modulation) in these two samples. However, we did note a small difference in darkfield intensity which warrants further investigation. Additional samples may also help us to distinguish morphological differences. Conventional morphological differences (nucleus area) was also not a distinguishing factor in this semi-automated analysis and the lack of difference was potentially compounded by the cells being in suspension rather than attached flat to a slide. As noted above, the incorporation of immunomarkers more specific to tumor cells should, therefore, be used to unambiguously eliminate the risk of false-positives associated to the presence of benign lesions. Moreover, the use of IFC to define and explore nucleus to cytoplasm ratio in additional samples may provide further insight, particularly when differentiating benign from malignant cancer cells.
Conclusions
We have successfully demonstrated for the first time the feasibility of using IFC for the detection, enumeration, and characterization of tumor cancer cells disseminated in gastrointestinal cancer patient lymph nodes. When used in addition to conventional histological techniques, IFC may offer extra phenotypical and cytomorphological information regarding disease progression as it provides the statistical significance of analyzing thousands of cells in a short period of time. This IFC approach assists in better determining patient prognosis and therefore in personalizing treatment regimens, as the presence of tumor cells with specific cytomorphological features may indicate that a more aggressive treatment is warranted. 
